INTRODUCTION
============

The 12-lead electrocardiogram (ECG) is a fundamental and an important measure to examine electrical activity and diagnose coronary heart disease. Despite its usefulness, the standard 12-lead ECG has a limitation in use at practice, since it requires unexploration of thorax for measurement. Torso-type body surface potential mapping (BSPM) collects electrocardiographic signals from numerous leads covering the entire thorax, and was suggested as an alternative. Although it has been reported to be more useful than standard 12-lead ECG in some clinical settings such as non ST-segment elevation myocardial infarction or myocardial infarction (MI) with left bundle branch block (LBBB) ([@B1]-[@B3]), it seems that BSPM has not yet been widely adopted in daily routine practice, probably due to long set-up time and discomforts while attaching numerous electrodes.

We developed the mattress type harness for obtaining posterior body surface potential map (P-BSPM) using the capacitive-coupled electrode (CC-electrode) which can record electrocardiogram from dressed individuals. The aim of this study was to investigate how valuable information P-BSPM could provide, especially in discrimination of prior MI.

MATERIALS AND METHODS
=====================

Study population and case definition
------------------------------------

Individuals who visited outpatient clinic at Seoul National University Hospital, and was prescribed for 12-lead ECG were screened. After excluding patients with known or suspected cardiac diseases, 37 individuals were enrolled for the study. The patients were grouped into three, as normal control (NC, n = 23), right bundle branch block (RBBB, n = 11), or LBBB group (n = 3), according to the ECG manifestation. RBBB was defined as QRS duration \> 120 ms and terminal R wave in lead V1 (e.g., R, rR\', rsR\', rSR\' or qR) with slurred S wave in leads I and V6. LBBB was defined by following criteria: QRS duration \> 120 ms; small or absent initial R waves in V1 and V2 followed by deep S waves; broad, notched R waves in leads V5 and V6 and usually I and aVL; and absent septal Q waves in left sided leads ([@B4]).

To evaluate patients with old MI, we screened patients who were admitted for scheduled coronary angiographic follow-up, and 19 patients with prior history of MI were enrolled as old myocardial infarction (OMI) group. Myocardial infarction was defined as the presence of at least two of the three followings: 1) ischemic symptoms, 2) CK-MB elevation at least two times the upper limit of normal, or 3) new ECG changes compatible with MI. Coronary angiography was reviewed, and angiographic occlusion of coronary artery was confirmed in all patients. The infarct-related artery and corresponding region of MI was also determined. Standard 12-lead ECG was reviewed, and the scoring system introduced by Strauss et al. ([@B5]) was adopted to quantify scar % of myocardium. Regional wall motion of left ventricle (LV) was analyzed based on 16-segment model using transthoracic echocardiography ([@B6]) at the time of P-BSPM examination.

Posterior body surface potential mapping
----------------------------------------

CC-electrode was designed similar to the device produced by Lim et al. ([@B7]). [Fig. 1A](#F1){ref-type="fig"} illustrates the geometry. Each CC-electrode was sized 3 × 4 cm^2^ and used a preamp of ultra-high input impedance (10^13^Ω, OPA124 of Texas Instrument, Dallas, TX, USA) to record surface ECG through the dress of individuals. The electrode was covered with gold, insulated, and shielded in order to block noise from external factors. The CC-electrodes were placed in 7 × 7 array to form mattress type P-BSPM harness, and it was installed on the mattress ([Fig. 1B](#F1){ref-type="fig"}). Cushioning of the mattress helped the electrode array to accommodate the curve of the body. Dressed individuals were laid on the system, placing the center of the electrode array on the 4th intercostal area of the posterior thorax. Signals were digitized by NI-DAQ 6225 (National Instruments, Austin, TX, USA) with 1 kHz sampling rate per channel and were recorded for 2 min simultaneously on the back of the thorax, and bad channels were interpolated from adjacent channels. Acquired data were averaged to highlight ECG signal against noise, using R-peak as a landmark. Then P-BSPM during the entire cardiac cycle was displayed using MATLAB 2006a.

Map display and data analysis
-----------------------------

Acquired P-BSPM was displayed in color contoured, iso-potential type map. Direction and magnitude of potential gradient at each electrode was computed, and summed to generate vector potential of P-BSPM ([Fig. 2](#F2){ref-type="fig"}). The direction of vector potential was compared with the axes of P, R, T waves of standard 12-lead ECG at corresponding time point. Also, the end point of vector potential was traced during cardiac cycle and displayed in 3-dimensional cylindrical coordinate system, with average potential of 49 electrodes as z-axis. Along with P-BSPM during the QRS, traditional BSPM parameters such as ST60 integral, T-apex-end integral were computed. ST60 integral was defined as isointegral of P-BSPM from 0 to 60 ms from the J-point, and T-apex-end integral as iso-integral from the peak to the end of T-wave. The diagnostic performance of these parameters in discriminating P-BSPM of OMI group from NC group was explored using the methods of principal component analysis (PCA) ([@B8]) and linear hyperplane approach (LHA) introduced by Donnelly et al. ([@B9]). The number of principal components was arbitrarily determined as 5.

Statistical analysis
--------------------

The student\'s t-test was used to compare means, and chi-square test (or Fisher\'s exact test) to compare categorical data. Pearson\'s correlation coefficient was used to evaluate correlation between the wave axes of 12-lead ECG and vector potentials of P-BSPM. Diagnostic performance was evaluated using the receiver-operating characteristic (ROC) curve. The confidence interval of the area under the ROC-curve (AUC) was calculated, and comparison between ROC-curves was performed by DeLong method. All of the statistical analysis was performed using R version 2.13.0 and *P* values \< 0.05 were considered statistically significant.

Ethics statement
----------------

The study protocol was reviewed and approved by the Institutional Review Board of Seoul National University Hospital (IRB No. H-0804-043-001), and followed Declaration of Helsinki. Informed consent was confirmed by the IRB.

RESULTS
=======

P-BSPM of normal control group
------------------------------

A total of 23 individuals were enrolled as normal control (10 males; age, 44 ± 18 yr). Averaged iso-potential maps of NC group at specified time point are presented in [Fig. 3A](#F3){ref-type="fig"}. Maximum positive potential was located at left inferior field during the P wave. During ventricular depolarization (QRS complex), negative potential appeared at left middle field at early phase, then this negativity migrated toward right superior and strong maximum positivity was shown at left inferior field. Lastly iso-potential map revealed minimum negativity at left inferior field. During ventricular repolarization (T-wave), weak positive potential appeared again at left inferior field. The axes of P, R and T waves of standard 12-lead ECG and the corresponding directions of vector potential of P-BSPM were compared and calculated Pearson\'s correlation coefficients were 0.85, 0.91, and 0.79, respectively (all *P* \< 0.001).

P-BSPM of bundle branch block groups
------------------------------------

A total of 11 patients with RBBB (7 males; age, 62 ± 11 yr) and 3 patients with LBBB (2 males; age, 70 ± 2 yr) were enrolled in this study. Averaged iso-potential maps during ventricular depolarization in patients with RBBB are presented as [Fig. 3B](#F3){ref-type="fig"}. In the earlier phase of ventricular depolarization, positive potential site emerged at left lower field, and then negative potential showed at left upper field of P-BSPM. In patients with LBBB, maximal positive potential of ventricular depolarization was located on left middle area of the back, and negative potential followed on the similar site of P-BSPM ([Fig. 3C](#F3){ref-type="fig"}). The end points of summed vector potential on P-BSPM were traced during QRS complex, and the trace in RBBB patients demonstrated that initial strong positivity directed toward left lower field in the pattern of clockwise rotation, and later weak negativity slowly moved from left upper to right side of the map ([Fig. 4B](#F4){ref-type="fig"}). In patients with LBBB, the trace of vector potential showed counterclockwise rotation ([Fig. 4C](#F4){ref-type="fig"}), and the trace was relatively linear in NC group ([Fig. 4A](#F4){ref-type="fig"}). Using the method of LHA and PCA, P-BSPM during the QRS provided the highest AUC of the ROC-curve in discriminating RBBB patients from NC group (AUC, 1.0; 95% confidence interval \[CI\], 1.0-1.0) ([Table 1](#T1){ref-type="table"}). This analysis was not performed in LBBB patients due to the small number of patients.

P-BSPM of old myocardial infarct group
--------------------------------------

P-BSPM was acquired from 19 patients of OMI group. Pathologic Q-wave was identified in 9 patients (47%). Anterior infarction due to occlusion of left anterior descending artery (LAD) was most frequent (9 out of 19, 47%). Three patients demonstrated no significant regional wall motion abnormality on echocardiography. The average percent of LV scar quantified by 12-lead ECG was 11.5 ± 10.9, and it was higher when LAD was the culprit (anterior MI) compared to right coronary artery related infarction (inferior MI group), with borderline statistical significance (15.7 ± 10.9 vs 6.4 ± 6.3, *P* = 0.089). The clinical characteristics of OMI group are shown in [Table 2](#T2){ref-type="table"}.

Iso-potential maps in patients of the OMI group showed similar pattern to those of normal control group. However, initial negativity during the QRS tended to be positioned at lower field of P-BSPM (initial negativity at lower field: OMI vs NC, 68.4% vs 30.4%; *P* = 0.014) ([Fig. 5](#F5){ref-type="fig"}). Compared to NC group, this negativity was significantly stronger in inferior MI group (inferior MI vs NC, -0.28 ± 0.23 vs -0.15 ± 0.07; *P* = 0.025), or when abnormal myocardial wall motion was observed at inferior wall (-0.33 ± 0.23 vs -0.15 ± 0.07; *P* = 0.003). All the potential minima of inferior MI patients (7 of 7, 100%) were located on the border of P-BSPM. In anterior MI group, 4 out of 9 patients (44.4%) demonstrated absence of this initial negativity, which was not observed in individuals from normal control or any other OMI group.

Using the method of LHA, the AUC of the ROC-curve of P-BSPM in discriminating OMI patients from NC group were 0.83 (95% CI, 0.70-0.97; *P* \< 0.001), 0.72 (95% CI, 0.55-0.87; *P* = 0.009), and 0.86 (95% CI, 0.73-0.99; *P* \< 0.001) for QRS complex, ST60 integral, and T-apex-end integral, respectively ([Table 3](#T3){ref-type="table"}). Among the three parameters, diagnostic performance represented by the AUC was not significantly different. The AUC of ROC-curve was highest when P-BSPM of QRS complex was utilized to diagnose inferior MI (AUC, 0.98; 95% CI, 0. 94-1.0; *P* \< 0.001). The AUC of P-BSPM during QRS complex was significantly higher in inferior MI group than in anterior MI group (*P* = 0.022, [Fig. 6](#F6){ref-type="fig"}).

DISCUSSION
==========

Although 12-lead ECG is a standard measure for diagnosing diseases of the heart, there has been a demand for more informative measure of electrical activities of the heart, with better diagnostic power. BSPM was suggested as a good alternative tool, but attaching the numerous electrodes on the patient was intricate, thus it has not been widely adopted in daily practice. Here we developed the CC-electrodes with which ECG of dressed individuals can be recorded, and designed mattress type harness using 49 CC-electrodes to obtain BSPM of posterior thorax. The acquisition of cardiac electrogram with this device was simple: subjects were required only to lie down properly on the device. Compared to the torso-type BSPM devices, this P-BSPM device drastically shortened the preparation time and required no longer than 2 min for data acquisition.

Although this novel harness does not cover ECG of anterior chest wall, it provided valuable information on electrical activities of the heart based on the numerous electrodes, implying potential for the clinical application. First, the obtained P-BSPM corresponded well with the standard 12-lead ECG in terms of vector axes of P, R, and T-waves, and showed similar pattern to the posterior part of previously reported torso-type BSPM ([@B10]). Moreover, P-BSPM of patients with bundle branch block (BBB) or prior MI was well discriminated from P-BSPM of normal population, brightening the prospects of its clinical application in various situations.

The presence of BBB is conventionally recognized with prolonged QRS duration and the characteristic morphologic changes in 12-lead ECG. The previous studies on BSPM has also demonstrated the similarly prolonged duration of ventricular depolarization in BSPM, and the rich information of the BSPM provided valuable diagnostic power on BBB ([@B11]). A recent study suggested even higher sensitivity of BSPM on diagnosing BBB than 12-lead ECG, showing distinctive QRS-T integral maps in patients on dialysis ([@B12]). In the current study, the end points of P-BSPM vector potential during the ventricular depolarization demonstrated the intuitively discernible patterns in BBB patients: clockwise rotation in patients with RBBB and counterclockwise rotation in patients with LBBB. This characteristic rotation of vector potential was mostly formed in earlier phase of ventricular depolarization, and the BSPM changed rather slowly and heterogeneously during later phase of ventricular depolarization, especially in LBBB patients. Clear discrimination of RBBB from normal control using P-BSPM during the QRS (AUC of ROC-curve, 1.0) suggests that acquiring BSPM from the posterior thorax is enough to diagnose BBB, and that the traces of vector potential on P-BSPM can serve a useful parameter for studying conduction abnormality of the heart.

Several studies have reported the usefulness of torso-type BSPM in the field of diagnosing ischemic heart disease, mostly focusing on the urgent situations ([@B2], [@B13]-[@B15]). In patients with OMI, the validity of BSPM has not been clarified, and the standard ECG diagnosis is largely determined by pathologic Q-wave ([@B16]). In the current study, P-BSPM of OMI group differed from NC group in terms of the location and the strength of negative potential appearing in the earlier phase of ventricular depolarization ([Fig. 5](#F5){ref-type="fig"}). In inferior MI group, initial negativities were significantly stronger and located on the border of P-BSPM, presumably because damaged myocardium of inferior wall highlighted depolarization of the LV anterior and lateral wall. On the contrary, 44% of anterior MI patients showed absence of negativity because of weakened cardiac vector toward the anterior chest wall.

With the assistance of the LHA and PCA, P-BSPM parameters for depolarization (QRS complex) and repolarization period (T-apex-end integral) both demonstrated acceptable diagnostic performance, considering that only 9 out of 19 OMI patients (47%) demonstrated pathologic Q-wave in this study. As expected, the diagnostic performance of P-BSPM during the QRS was better in patients with pathologic Q-wave than in patients without pathologic Q-wave (pathologic Q vs no pathologic Q: AUC 0.94 \[95% CI, 0.88-1.0\] vs 0.83 \[0.66-0.94\]; *P* = 0.001). The diagnostic performance was also influenced by the infarct territory. Despite the comparable proportions of pathologic Q-wave between the subgroups (anterior vs inferior MI group: 56% vs 57%; *P* = 1.0), P-BSPM during the QRS diagnosed the presence of prior MI better in inferior MI than in anterior MI (anterior vs inferior MI: AUC 0.71 \[95% CI, 0.47-0.94\] vs 0.98 \[0.94-1.0\]; *P* = 0.022). The LV scar score reflecting infarction size was even higher in anterior MI group. This result might be contributed to by the P-BSPM system which focused on the posterior thorax as the source of cardiac electrogram. P-BSPM can be more useful in diagnosing MI of posterior wall which is supplied by left circumflex artery, but the analysis was not performed due to the small number of patients.

Since the heart is situated anteriorly in the middle mediastinum, surface electrocardiogram is stronger at the anterior chest wall. Thus, transverse leads of standard 12-lead ECG are focused on the anterior chest wall. In the current study, the P-BSPM harness acquired electrogram only from the posterior wall of the thorax using 49 CC-electrodes to maximize convenience of the examination. Nevertheless, P-BSPM demonstrated comparable axes data with the standard ECG and provided excellent information on ventricular depolarization pattern to differentiate normal ventricular conduction from BBB. Moreover, P-BSPM data from the patients with prior MI suggested that it can be utilized in diagnosing cardiac problems such as ischemic heart diseases. Although the newly developed P-BSPM harness was evaluated independently in the current study, it may be possible to use it in combination with 12-lead ECG in the future. What is needed to obtain P-BSPM data is only lying down on a P-BSPM harness during the standard 12-lead ECG examination. In this manner, P-BSPM data can be additionally acquired without requiring extra time or complex procedures. Since standard 12-lead ECG does not cover the posterior thorax, P-BSPM may give additional diagnostic information. The greater AUC of ROC-curve in diagnosing inferior MI supports this potentiality. Another potential application of P-BSPM is in the field of out-of-hospital monitoring. Since the CC-electrodes can obtain electrocardiogram from a dressed individual, installing CC-electrodes in daily furniture such as a bed, a chair, or a car seat may work as a potentially good monitoring system for P-BSPM.

This study has several limitations. First, this study enrolled small number of individuals, as a pilot study before elaborately validating the diagnostic performance of P-BSPM in various clinical settings. Age difference between NC and OMI group might influence the diagnostic performance of P-BSPM, especially that of T-apex-end integral, considering that the prevalence of T wave abnormality was reported to be higher in eldery population ([@B17]). Since ECG from right precordial or posterior leads can enhance the diagnosis of RCA-related MI, lack of these data may limit the comparison of P-BSPM between anterior and inferior MI groups. Lastly, the results from the method of the LHA and PCA are limited in this study population, and generalization requires further studies.

In conclusion, the newly developed mattress-type harness using 49 CC-electrodes successfully records P-BSPM in dressed individuals. P-BSPM provides detailed information for cardiac electrical dynamics, and suggests applicability in diagnosing OMI, providing better diagnostic performance for RCA-territory infarction.
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![Posterior body surface potential mapping (P-BSPM) system. (**A**) Geometry of capacitive-coupled electrode including preamp, insulator, electrode face and shielding case. (**B**) Photograph of the mattress-type P-BSPM harness.](jkms-27-1517-g001){#F1}

![Example of P-BSPM isopotential map and its vector potential. Potential increases from blue to red color. Small black arrows represent potential gradient vector at each electrode, which sum to vector potential of P-BSPM, the large blue arrow. Rt, right; Lt, left.](jkms-27-1517-g002){#F2}

![Averaged iso-potential P-BSPM at specific time. (**A**) Normal control, (**B**) right bundle branch block, and (**C**) left bundle branch block group. Potential interval is 0.05, 0.20, and 1.0 between green, blue, and black lines, respectively. N indicates minimum negativity on the map.](jkms-27-1517-g003){#F3}

![Representative tracing of vector potential during QRS. (**A**) Normal control, (**B**) right bundle branch block, and (**C**) left bundle branch block patients. The end point of vector was displayed in 3D-cylindrical coordinate, with averaged potential of 49 electrodes as z-axis. Each circle on the line represents 5 ms time interval and darker circles indicates later events.](jkms-27-1517-g004){#F4}

![Locations of initial negativities during the ventricular depolarization normal control, anterior MI, and inferior MI groups. Four patients of anterior MI group had no negativity, and excluded from this plotting. NC, normal control; MI, myocardial infarction.](jkms-27-1517-g005){#F5}

![Receiver-operating characteristic curves of P-BSPM during the QRS in diagnosing OMI. The method of the linear hyperplane approach and the principal component analysis was used. Area under the curve was 0.83 (95% confidence interval, 0.70-0.97), 0.71 (0.47-0.94), and 0.98 (0.94-1.0) for total OMI, anterior MI, and inferior MI group, respectively. OMI, old myocardial infarct; MI, myocardial infarction.](jkms-27-1517-g006){#F6}

###### 

Diagnostic performance of P-BSPM in patients with right bundle branch block

![](jkms-27-1517-i001)

^\*^A total of 23 normal P-BSPM was used as normal control. ROC-curve was generated using the linear hyperplane approach with the principal component analysis. P-BSPM, posterior body surface potential mapping; ROC-curve, receiver-operating characteristic curve.

###### 

Clinical characteristics of old myocardial infarction group

![](jkms-27-1517-i002)

Data are expressed as mean ± SD or number (%). ^\*^Calculated between anterior and inferior MI groups; ^†^Sum exceeds 100 percent due to multi-vessel disease. LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; RWMA, regional wall motion abnormality; LV, left ventricle.

###### 

Diagnostic performance of P-BSPM in patients with prior myocardial infarction

![](jkms-27-1517-i003)

^\*^A total of 23 normal P-BSPM was used as normal control. ROC-curve was generated using the linear hyperplane approach with the principal component analysis; ^†^*P* value for ROC-curve comparison between anterior and inferior MI groups. P-BSPM, posterior body surface potential mapping; OMI, old myocardial infarction; AUC, area under the curve; CI, confidence interval; ROC-curve, receiver-operating characteristic curve.
